CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims priority to: U.S. Provisional Application Serial No. 
60/417,398, entitled "Method and Apparatus for Analyte Sensing", filed October 9, 2002. 
The contents of this provisional application are incorporated by reference herein in its 
5 entirety. 

BACKGROUND OF THE INVENTION 

Field of Invention 

This invention is directed to a method and an apparatus to facilitate 
minimally invasive measurement, sampling and/or sensing of analytes, for example, 
1 0 glucose, in a fluid, matrix or animal body. 

Description of the Related Art 

Glucose sensing is an important diagnostic tool in therapy and research of 
Diabetes mellitus. Diabetes is a chronic systemic disease characterized by disorders in 
the metabolism of insulin, carbohydrate, fat, and protein as well as in the structure and 

15 function of blood vessels. Currently, diabetes is a leading cause of death in the United 
States, and more than sixteen million Americans are believed to have this disease. 
Intensive management of blood sugars through frequent monitoring is effective to 
prevent, or at least manage, the progression of diabetic complications such as kidney 
failure, heart disease, gangrene, and blindness. 

20 Maintaining blood glucose levels near nomnal levels is typically achieved by 

frequently monitoring the blood glucose. Cun-ently the most common method of 
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sensing is a colorimetric/electro-enzymatic approach, wfiich is invasive. In sliort. the 
colorimetric/electro-enzymatic approach requires blood to be drawn and tested. This 
often requires a finger stick to draw blood each time a reading is needed. In sum. this 
approach is typically time-consuming and quite painful. 

Minimally invasive approaches based on needle-type enzyme sensors (e.g. 
glucose oxidase) have been investigated as a less painful method of estimating blood 
glucose concentrations. Such approaches, however, have well-known limitations of 
measurement of glucose In interstitial fluid. For example, such approaches often suffer 
from a limitation on the accuracy and stability of the glucose measurement. In this 
regard, the chemical instability and/or external biocompatibility issues tend to adversely 
affect the signal sensitivity and stability of the sensor over time. As such, there exists a 
need for a minimally invasive approach that overcomes one. some or all of the well- 
known limitations. 



SUMMARY OF THE INVENTION 

There are many inventions described and illustrated herein. In one aspect, the 
present invention relates to a system, sensor and method for minimally invasively 
sensing the glucose level in a fluid, matrix or animal body. In one embodiment, the 
sensor device utilizes a hydrocolloid (for example, glucose-binding molecules and 
macromolecules, such as glucose-temiinated or mannose-terminated), which is in 
communication with fluid under investigation, for example a fluid of an animal body. 
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In one embodiment, the concentration of glucose in the fluid under investigation 
is determined, detected and/or measured by applying an external magnetic field to the 
sensor device and measuring the speed of migration of magnetic particles (e.g., 
paramagnetic, superparamagnetic, and/or ferromagnetic particles) dispersed within the 
5 hydrocolloid solution/medium. The concentration of glucose in the fluid may be 
determined, calculated, measured or sensed from the speed or velocity of the 
movement or migration of magnetic particles within the solution. In this regard, the 
viscosity of the hydrocolloid is dependent on, or a function of the concentration of 
glucose in the fluid. 

10 Briefly, by way of background, a specific binding reaction of a multivalent 

receptor molecule, like Concanavalin A, in a highly concentrated dispersion of high- 
molecular weight dextran may cause a significant increase in fluid viscosity due to 
intermolecular affinity cross-linking (see FIGURE 1). In the absence of glucose, the 
affinity binding of dextran by ConA tends to require a higher force to move fluid layers in 

15 the dispersion, resulting in a highly viscous dispersion. However, in the presence of 
glucose, dextran may be competitively displaced from the binding sites of ConA, tending 
thereby to decrease or minimize the force required to move fluid layers along each 
other, and, hence, reducing the dispersion viscosity. This reduction of viscosity due to 
the action of glucose may surpass the viscosity contribution of glucose to the total 

20 viscosity by several orders of magnitude. 

The sensor device according to one embodiment of the present invention may be 
implanted beneath the skin of, or in convenient and/or readily accessible location in an 
animal body where the sensor is in contact with body fluids containing glucose. A 
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magnetic field may be externally applied to the body, and using instrumentation, the 
level of glucose in the interstitial fluid or other sun-ounding body fluid may be measured, 
quantified, sensed or detected. In this regard, the level of glucose may be determined 
by measuring or detecting the viscosity of the medium within the sensor. 
5 In one embodiment of this aspect of the invention, the mechanism or technique 

measures, senses, detects or quantifies the viscosity of the sensing medium without 
disrupting the skin barrier, or with minimal or little disruption of the skin bamer of an 
animal body. In this regard, an extemal magnetic field may be applied above the 
sensor in order to cause or initiate movement of the paramagnetic or 
10 superparamagnetic particles in or through the sensing media. As the paramagnetic or 
superparamagnetic particles move in or through the sensing media, the sensor or 
extemal instmmentation may detect or sense that movement and detect or sense the 
position of the particles within the sensing media relative to the sensor body chambers. 
The sensor or external instrumentation may also record the time required or 
1 5 taken for the particles to migrate a predetemiined or known distance within the sensor. 
The sensor or extemal instrumentation may determine, measure or calculate the 
velocity of the magnetic particles in or through the sensing media. Using information 
which is representative of the velocity of the magnetic particles, the sensor or extemal 
instrumentation may detennine, measure or calculate the viscosity of the medium in the 
20 chambers (for example, the glucose chamber). The viscosity of the medium in the 
glucose sensing chamber may then be related or correlated to a glucose concentration 
in the chamber. That is. in one embodiment, the concentration of glucose in the fluid 
may be determined, derived or calculated from the viscosity information. Thus, in one 
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aspect, the present invention is directed toward a medium whose viscosity is 
determined, dependent and/or controlled, at least in part, by the concentration of 
glucose in said medium. 

In one embodiment, the sensor may consist of a two-chambered sensor body 
5 having a reference chamber comprised of a material impermeable to glucose (for 
example, a glass capillary tube). In this regard, the reference chamber includes an 
impermeable membrane. 

The glucose chamber may be comprised of a material which retains the sensing 
medium and, in addition, allows concentration driven transport of glucose into and out of 
10 the chamber (for example, a hollow micro dialysis fiber). In this regard, the glucose 
chamber includes a semipermeable membrane. 

The sensing media may include micron-sized paramagnetic, superparamagnetic, 
and/or ferromagnetic particles that are capable of moving through the media (i.e., the 
sensing and reference media). The paramagnetic, superparamagnetic, and/or 
15 ferromagnetic particles, in operation, may be manipulated or moved by an externally 
applied magnetic field, for example, the field from a magnet applied to the skin above 
the implanted sensor. 

The sensor body and/or magnetic particles, according to one embodiment, may 
include an identification or signature that permits the position of the particles to be 
20 detemnined or measured in the sensing medium relative to the sensor body. The 
identification techniques may include fluorescent or dye labels attached or adjacent to 
the magnetic particles. 
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The identification techniques may include electronic proximity and/or optical 
position sensors that are integrated within the sensor body to detect or sense the 
relative location or movement of the magnetic particles within the chambers of the 
sensor. The sensor may also consist of an in-dwelling needle-type body where the 
5 above features are coupled directly to outside instrumentation rather than sensing 
through the skin barrier, via, for example, optical, inductive, or capacitive coupling. 

In another aspect, the present Invention is a means, mechanism and method to 
integrate a viscosity sensing means into the sensor body. 

In yet another aspect, the present invention is directed toward providing a self- 
10 contained micro-dialysis viscometer sensor that is based, at least partially, on the 
sensor device described above (and to be described below). 

In another aspect, the present invention is a reference sensor device, including a 
reference sensing medium therein, to calibrate the sensor device by deriving, 
detemiining and/or calculating calibration parameters for subsequent viscosity 
15 measurements. In this regard, the sensor device, after such calibration, may be 
employed to determine, quantify, detect and/or measure the concentration of glucose in 
a fluid, for example, the interstitial fluid or other surrounding fluid in an animal body. 
The concentration of glucose In the fluid may be determined, derived or calculated from 
the viscosity infomiation. Thus, in one aspect, the present invention is a method for 
20 detemiining the viscosity of the glucose sensing medium based on calibrating 
measurements obtained from the reference sensing medium having known viscosity. 

Again, there are many inventions described and illustrated herein. This 
Summary is not exhaustive of the scope of the present invention. Moreover, this 
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Summary is not intended to be limiting of the invention and should not be interpreted in 
that manner. While certain embodiments, features, attributes and advantages of the 
inventions have been described here, it should be understood that many others, as well 
as different and/or similar embodiments, features, attributes and/or advantages of the 
5 present inventions, which are apparent from the description, illustrations and claims - 
all of which follow. 



BRIEF DESCRIPTION OF THE DRAWINGS 

In the course of the description to follow, reference will be made to the attached 
drawings. These drawings show different aspects of the present invention and, where 

10 appropriate, reference numerals illustrating like structures, components, circuitry and/or 
elements in different figures are labeled similarly. It is understood that various 
combinations of the stnjctures, components, circuitry, fluids, techniques and/or 
elements other than those specifically illustrated are contemplated and within the scope 
of the present invention. 

15 FIGURE 1 is a schematic representation of the molecular phenomenon of 

glucose-induced viscosity changes in a ConA/dextran dispersion. In the absence of 
glucose, tetra- and bi-valent ConA molecules may bind together various dextran 
molecules. This may increase the viscosity of the solution by increasing the force to 
move fluid layers (simplified by dextran layers) along each other (left). However, in the 

20 presence of glucose, ConA dissociates from dextran by the competitive action of 
glucose, which may result in a lower viscosity (right); 
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FIGURE 2 is a schematic representation of a system, device and technique 
according to one embodiment of the present invention; 

FIGURE 3 Is a schematic representation of a system, device and technique 
according to another embodiment of the present invention; 
5 FIGURE 4 is a schematic representation of a system, device and technique 

according to another embodiment of the present invention; 

FIGURE 5 is a schematic representation of a system, device and technique 
according to yet another embodiment of the present invention; and 

FIGURE 6 Is a schematic representation of a system, device and technique 
1 0 according to yet another embodiment of the present invention. 



DETAILED DESCRIPTION 

With reference to FIGURE 2, the glucose sensing system 10, according to one 
embodiment of the present invention, includes sensor 12 having glucose chamber 14 
and reference chamber 16. The sensor 12, In one embodiment, is implanted into or 
15 beneath the skin barrier of an animal body using a small needle-type instrument. In this 
regard, sensor 12 may be disposed within the subcutaneous tissue when the small 
needle-type housing is introduced through the skin. Thereafter, the sensor 12 may be 
affixed in place within subcutaneous tissue after the small needle-type housing is 
withdrawn. 

20 In one embodiment, glucose and reference chambers 14 and 16, respectively, 

include magnetic (e.g., paramagnetic, superparamagnetic, and/or ferromagnetic) 
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particles 18a and 18b, respectively, that are dispersed in a Concanavalin A ("ConA") - 
dextran hydrocolloid (for example, 5% dextran (Mw 2000 kDa) and 1% ConA (volume of 
0.5 ^1)). In one embodiment the magnetic particles 18a and 18b are may be a particle 
or particles which may be made or caused to move under the influence of a magnetic 
5 field or magnetomotive force, for example, amine-terminated particles having mean 
diameter of about 1 i^m (Bangs Laboratories, Inc., Part No. MC05N). As such, the 
magnetic particles may include rare earth elements like neodymium and samarium and 
compounds like neodymium-iron-boron and samarium-cobalt, and ferromagnetic 
materials including iron, permalloy, superpermalloy, cobalt, nickel, steel, and ainico. 

10 Indeed, any and all particles that may be caused to move under the influence of a 
magnetic field or magnetomotive force, whether now known or later developed, are 
intended to be within the scope of the present invention. 

When implanted, the glucose in the tissue surrounding the sensor 12 may enter 
glucose chamber 14 and may interact with the medium in the chamber, including the 

1 5 concanavalin A ("ConA") - dextran hydrocolloid to effect, alter, modify and/or change the 
viscosity of the medium within chamber 14. The resultant viscosity, in tum, may 
determine, effect, alter, modify or change the rate at which the magnetic particles 18a 
move, travel or migrate through the medium of glucose chamber 14 under the influence 
of an applied magnetic field. 

20 In one embodiment, glucose chamber 14 includes a semipermeable membrane. 

In this regard, glucose chamber 14 may be comprised of a material which retains the 
sensing medium and, in addition, allows concentration driven transport of glucose into 
and out of the chamber (for example, a hollow micro dialysis fiber). In one embodiment, 
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glucose chamber 14 may be comprised of regenerated cellulose, polyurethane, 
polysulfone, and/or other material that is capable of unrestricted (or substantially 
unrestricted) glucose in and efflux. 

The reference chamber 16 may be disposed adjacent to, or in the vicinity of 
5 glucose chamber 14. The reference chamber 16 also includes a mixture of 
paramagnetic, superparamagnetic, and/or fen'omagnetic particles 18b and a 
ConA/dextran hydrocolloid. The reference chamber 16 prohibits, limits or controls the 
glucose concentration in the paramagnetic or superparamagnetic particles and a 
ConA/dextran hydrocolloid mixture (i.e.. collectively called the reference medium). In 

10 this regard, the reference chamber 16 may prohibit, limit or control the fluidic 
communication between the reference medium and the extemal fluid (i.e., the fluid in 
the tissue surrounding reference chamber 16 and/or sensor 12). As such, reference 
chamber 16 includes a fixed, predetermined, known or controlled concentration of 
glucose (for example, 100 mg/dL), and hence a known viscosity. 

15 Because, the glucose concentration in reference chamber 16 remains constant, 

fixed, predetermined and/or known, and hence the viscosity of the medium in reference 
chamber 16 also remains constant, fixed, predetemiined and/or known, the "travel" time 
of magnetic particles 18b within the chamber, therefore depends on. or is a function of 
the strength of an applied magnetic field. In one embodiment, reference chamber 16 

20 includes an impermeable membrane. In this regard, reference chamber 16 is 
comprised of a material impermeable to glucose (for example, a glass capillary tube or 
plastic tubing (for example. Teflon, polyester PVC, acrylic, or polycarbonate)). 
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It should be noted that reference chamber 16 may contain fluid that does not 
include a glucose/ConA/dextran hydrocolloid. In this regard, reference chamber 16 may 
contain or be comprised of any fluid of known or constant viscosity. For example, oils, 
alcohols, aqueous solutions, or other compounds with known fixed viscosity may be 

5 employed as the fluid medium in reference chamber 16. 

With continued reference to FIGURE 2, at a proximal end of each chamber 14 
and 16, optical fibers 20 and 22, respectively, are positioned. As such, light may be 
applied to optical fibers 20 and 22 (via light source 26) and enter chambers 14 and 16 
via distal ends 20a and 22a. Moreover, light may be received from chambers 14 and 16 

10 by optical fibers 20 and 22, respectively, at distal ends 20a and 22a, respectively. The 
proximal end of optical fibers 20 and 22 may be coupled to instrumentation 24 for 
measurement of reflectance, absorption, and/or fluorescence of magnetic particles 18a 
and 18b, or the chemistry attached thereto. 

Light source 26 may be any suitable one or combination of laser, lamp, bulb such 

15 as incandescent or arc, light emitting diode (LED), electrical element or other 
mechanism for producing optical radiation. Further, light source 26 may include one or 
more optical elements such as filters, monochromaters, crystals, or other mechanism 
designed to condition optical radiation for use in instrumentation 24. 

In operation, an external magnet 27 (for example, a NdFeBLa permanent type 

20 magnet) is disposed over sensor 12. The magnetic particles 18a and 18b in each 
chamber 14 and 16, respectively, are attracted to the magnetic field produced or 
provided by magnet 27. The magnet 27 is moved from a first position 28a to a second 
position 28b along dashed line 28. That is, magnet 27 is started at or near a first end of 
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the chambers 14 and 16, and moved at a rate that is sufficient to ensure that a sufficient 
amount of magnetic particles 18a and 18b have moved, traveled or migrated to a 
second end of chambers 14 and 16. 

Thus, magnetic particles 18a and 18b move, travel or migrate in response to 
magnet 27 moving from first position 28a to second position 28b. The instmmentation 
24 coupled to optical fibers 20 and 22 is used to sense, monitor, measure and/or 
detemiine the proximity of magnetic particles 18a and 18b. 

In one embodiment. Instrumentation 24 measures or determines infomiation 
representative of the reflectance, absorption, and/or fluorescence of the media in 
chambers 14 and 16. In this regard, instmmentation 24 may include a light source 26 
(for example, a 633nm HeNe laser), coupled to the inputs of optical fibers 20 and 22, 
and photo detectors 30a and 30b, each coupled to a respective output of optical fibers 
20 and 22. As such, in operation, light source 26 transmits light to chambers 14 and 16 
via optical fibers 20 and 22. The media in chambers 20 and 22 reflects a certain portion 
of the light to photo detectors 30a and 30b, via optical fibers 20 and 22, respectively. In 
response, photo detectors 30a and 30b sense, measure and/or record the intensity 
and/or presence of reflected light. 

As magnet 27 moves from first position 28a to second position 28b, the 
reflectance of the media in chambers 14 and 16 changes. In this regard, the reflectance 
increases as magnetic particles 18a and 18b move towards distal ends 20a and 22a of 
optical fibers 20 and 22. The reflectance may be a maximum when particles 18a and 
18b are in contact or substantially in contact with the face of the optical fiber. The 
instmmentation 24 measures the migration of particles effected by movement of magnet 
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27 and correlates that migration to the changes in the reflectance, as measured by 
photo detectors 30a and 30b. 

Thus, by measuring the time interval of movement of magnet 27 relative to 
changes In reflectance of the media in chambers 14 and 16, the velocity of particles 18a 
and 18b may be determined, measured and/or calculated. In one embodiment, 
instrumentation 24 employs the time required for photo detectors 30a and 30b to record 
a maximum signal subsequent to the movement of magnet 27 from first position 28a to 
second position 28b. 

Using that information, instrumentation 24 may determine or calculate the 
velocity of particles 18a and 18b in glucose chamber 14 and reference chamber 16. 
respectively. The migration time of the particles 18b In reference chamber 16 may be 
used to determine the strength of the applied magnetic field since the viscosity of 
medium in reference chamber 16 is known, predetermined, controlled and/or fixed. The 
instrumentation 24 uses the strength of the magnetic field and the migration time of the 
particles in glucose chamber 14 to detemilne, calculate or sense the viscosity of the 
medium in glucose chamber 14. As mentioned above, the viscosity of the medium may 
be a function of, or dependent on concentration of glucose in the medium. 

Other techniques and devices may be employed to detect the location of the 
paramagnetic, superparamagnetic, and/or ferromagnetic particles. For example, in 
addition or in substitution of measuring, sensing or determining reflected light, as 
described above, system 10 may use an absorption technique. In this regard, 
instrumentation 24 may detect, sense, detennine and/or measure a particular 
wavelength(s) of light which is/are strongly absorbed by particles 18a and 18b. The 
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proximity of particles 18a and 18b to distal ends 20a and 22a of optical fibers 20 and 22, 
respectively, may result in an attenuation of the reflected signal at one, some, certain or 
all wavelengths of the applied light. In one embodiment, the wavelength attenuation 
may be enhanced by incorporating a non-motile (that is, non-magnetic) scattering agent 
5 such as Ti02 in the media in glucose chamber 14 and/or reference chamber 16. 

In another embodiment, system 10 may employ a fluorescence detection 
technique to measure, sense and/or determine the proximity of magnetic (i.e., 
paramagnetic, superparamagnetic, and/or ferromagnetic) particles 18a and 18b. In this 
regard, fluorescent dye molecules may be attached (for example, chemically) to 

10 magnetic particles 18a and/or 18b. In this way, a fluorescence excitation wavelength 
may be transmitted into the medium within chambers 14 and 16 by optical fibers 20 and 
22, respectively. In response, fluorescent emission from tagged particles is measured 
by instnjmentation 24. The intensity of such fluorescence emission may increase as the 
particles approach optical fiber 20 and/or 22. 

15 In yet another embodiment, system 10 may employ techniques based on 

changes in electrical impedance, inductance and/or capacitance at one or more 
locations along chambers 14 and 16. In this regard, instrumentation 24, via wires or 
electrical or electromagnetic coupling, may detect the changes in the impedance, 
inductance and/or capacitance at predetemiined locations in order to determine the 

20 velocity of particles 18a and 18b. The changes in the impedance, inductance and/or 
capacitance may allow instrumentation 24 to measure, detect, sense or calculate the 
migration or travel time of magnetic particles 18a and 18b in glucose chamber 14 and 
reference chamber 16. In this way, sensor 12 or instrumentation 24 may determine. 
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calculate, detect or sense the viscosity of the medium in glucose chamber 14. As 
mentioned above, the viscosity of the medium may be a function of, or dependent on 
concentration of glucose in the medium. 

It should be noted that other sensing techniques may be employed to determine, 
5 measure or sense the proximity of magnetic particles 18a and 18b. Indeed, any and all 
techniques to determine the viscosity of the medium in glucose chamber 14, whether 
now known or later developed, are intended to be within the scope of the present 
invention. 

In another aspect, the present invention is a system, device and technique that 
10 measures, detects calculates and/or senses the concentration of glucose in a fluid 
without breaking or physically penetrating the skin barrier. The detection techniques of 
this aspect of the invention may be optical, electrical, or mechanical in nature. 

For example, with reference to FIGURE 3, in one embodiment, the viscosity of 
the medium in glucose chamber 14 may be determined, calculated, detected or sensed 
15 using a optical technique that employs paramagnetic or superparamagnetic particles 
which are tagged with a fluorescent dye. In the illustrated embodiment, for simplicity, 
only glucose chamber 14 is depicted - although a reference chamber may also be 
implemented in the manner described above with respect to the embodiment illustrated 
in FIGURE 2. 

20 With continued reference to FIGURE 3, sensor 12 may include glucose chamber 

14 having magnetic particles 18a dispersed in a concanavalin A ("Con A") - dextran 
hydrocolloid fluid contained therein. As described above, when implanted, the glucose 
in the tissue surrounding glucose chamber 14 may enter glucose chamber 14 and 
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effect, alter, modify or change the viscosity of the medium within chamber 14. As such, 
the viscosity of the medium within glucose chamber 14 may determine, effect, alter, 
modify or change the rate at which the magnetic particles 18a move, travel or migrate 
through glucose chamber 14 under the Influence of an applied magnetic field. 

In operation, a magnetic field is applied to induce or influence movement of 
particles 18a from position A to position B. As particles 18a move from point A towards 
position B. the fluorescent dye may be excited by fluorescence excitation light 34 that is 
disposed above sensor 12 and shone down on sensor 12 through the skin barrier of the 
animal body. The emission of the dye attached to particles 18a Is measured, sensed, 
detected and/or recorded as particles 18a travel, move or migrate through glucose 
chamber 14. Once particles 18a arrive at position B, that is. under opaque cap 32. the 
fluorescence emission may no longer be measured or its strength may significantly 
decrease. This may be due to the fact that the dye attached to particles 18a Is no 
longer accessible to fluorescence excitation light 34 or the fluorescence emission of the 
dye Is blocked by opaque cap 32. 

The time at which the particles reach the area under the cap may be determined 
by a decrease In fluorescence signal. The sensor 12 or instrumentation 24 may use the 
migration or travel time of the particles in glucose chamber 14 to determine, calculate or 
sense the viscosity of the medium in glucose chamber 14. As mentioned above, the 
viscosity of the medium may be a function of. or dependent on the concentration of 
glucose In the medium. As such, the migration or travel time of the particles in glucose 
chamber 14 may be used to determine or calculate the concentration of glucose in the 
medium In glucose chamber 14. 
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It should be noted that a converse arrangement wherein the majority of glucose 
chamber 14 may be opaque and a small transparent end may be employed to detect 
the arrival of the particles 18a. In this embodiment, a sudden appearance of a 
fluorescent signal indicates anival of particles 18a at a location along glucose chamber 
14. One or more of the above sensing modalities may be combined for a detection 
technique as well. 

In another embodiment of this aspect of the present invention, an optical 
technique may be employed to detect or sense the position of particles 18a in chamber 
14. With reference to FIGURE 4, a light source 36 may be positioned and located 
beneath glucose chamber 14. The light source 36 may be partially obstructed by a 
mask 38 having an aperture 40 that is aligned with the interior of glucose chamber 14. 
Light or energy from light source 36 may be detected, measured and/or sensed by 
optical detector 42 (positioned above the skin surface) when the path of the light from 
source 36. through mask 38, and through glucose chamber 14 is unobstructed. When 
particles 18a move to a location above aperture 40 in mask 38. the energy from light 
source 36 is obstructed and the signal detected, measured and/or sensed by optical 
detector 42 weakens. The light source 36 may be powered by a self-contained battery 
(not depicted), or by energy inductively coupled through the skin to a receive coil (not 
illustrated) integrated with sensor 12 or light source 36. Other techniques may be 
employed to provide power to light source 36. Indeed, all techniques to provide power 
to light source 36. whether now known or later developed, are intended to be within the 
scope of the present invention. 
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In another embodiment, a non-invasive electronic technique may be employed to 
detemriine, calculate and/or measure the concentration of glucose in the medium in 
glucose chamber 14. With reference to FIGURE 5, in one embodiment, solenoid coil 44 
may be disposed around one end of glucose chamber 14. Although not illustrated, a 
solenoid coil may also be disposed around reference chamber 16 as well. The solenoid 
coil 44 may be resonated to a particular radio frequency (RF) frequency with a 
capacitance or other circuitry well known to those skilled in the art. 

In operation, when the core of solenoid coil 44 is filled with a material having a 
low relative electromagnetic permeability (i.e. the medium disposed within the core of 
coil 44 does not contain magnetic particles 18a), the resonance frequency of the coil, 
detemiined by the inductance and capacitance of the resonant circuit, is measured, 
established, and/or fixed at a first frequency. When magnetic particles 18a move, travel 
or migrate into the portion of chamber 14 including the core of solenoid 44, their higher 
relative electromagnetic permeability induces a shift in the inductance of solenoid 44 
and hence a shift in the resonant frequency of the circuit (illustrated as coil 44 and a 
capacitor). The change in resonant frequency may be detected by, for example, 
"interrogating" solenoid 44 with an RF probe 46 located or positioned above the skin 
and coupled to appropriate instmmentation (for example, a spectrum analyzer). 

It should be noted that other techniques may be employed to effect and/or detect 
a change in resonance. Indeed, all techniques to effect and/or detect that change, 
whether now known or later developed, are intended to be within the scope of the 
present invention. 
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In the embodiments described above, the particles 18a and 18b may be small 
spherical magnetic (paramagnetic or superparamagnetic) particles. Various other 
components or elements may be employed as a mobile component of sensor 12 and 
housed or contained within chambers 14 and 16. In this regard, particles 18a and 18b 
5 may be magnetic or non-magnetic. In those circumstances where non-magnetic 
particles are employed, the technique to effect or cause particle movement may be 
movement (rotation or translation) of sensor 12, mechanical force or thermal energy. 

Further, the particles may have shapes other than spherical including but not 
limited to cylindrical, conical, ellipsoidal, or parallelepiped. Indeed, any shape may be 
10 employed and the particles in each chamber may be of a single shape or a mixture of 
shapes. 

Moreover, the mobile component housed within the sensor may be made up of 
multiple particles or a single particle. As mentioned above, in those instances where 
paramagnetic, superparamagnetic, and/or ferromagnetic particles are employed, the 

1 5 particles may be may be any particle(s) which may be made or caused to move under 
the influence of a magnetic field or magnetomotive force, for example, rare earth 
elements like neodymium and samarium and compounds like neodymium-iron-boron 
and samarium-cobalt, and ferromagnetic materials including iron, permalloy, 
superpermalloy, cobalt, nickel, steel, and ainico. Indeed, any and all particles that may 

20 be caused to move under the influence of a magnetic field or magnetomotive force, 
whether now known or later developed, are intended to be within the scope of the 
present invention. 



Page 19 



In the embodiments described above, the particles 18a and 18b move, travel or 
migrate from "side to side" within chambers 14 and 16. Other forms of particle 
movement may be employed. In this regard, the technique may be such that under 
normal conditions particles settle to the bottom of sensor 12. It is noted that the bottom 
5 of sensor 12 depends on sensor placement within the body and its resting relation with 
respect to the Earth's gravitational force. An external or an internal magnetic force may 
be employed to cause particles 18a and 18b to move towards the top of sensor 12 
resulting in an up and down movement. 

In one embodiment, the particles may remain in the same relative location and, 

10 under the influence of external or internal forces may be caused to rotate rather than 
translate within chambers 14 and 16. As such, the relative orientation of the particles 
may be employed (i.e., the particles include a means for differentiating either the top or 
bottom of a particle using, for example, various optical or mechanical properties of the 
particles), to determine whether the particle had rotated. Using that information, 

15 including the speed of rotation within sensor 12, the viscosity of the media in chambers 
14 and 16 may be determined. As mentioned above, the viscosity of the media in 
chambers 14 and 16 may be may be employed to determine, calculate or measure the 
concentration of glucose in the medium in glucose chamber 14. 

While the present invention has been described with reference to illustrative 

20 embodiments that include specific details, such embodiments and details should not be 
construed as limiting the scope of the invention. For example, as described above, 
embodiments of the present invention may employ particle movement techniques that 
do not include (partially or wholly) application of an external magnetic field to induce 



Page 20 



motion of paramagnetic, superparamagnetic, and/or ferromagnetic particles. In this 
regard, rather than an external permanent magnet, an electromagnet may be employed. 
The electromagnet may be incorporated into sensor 12. 

For example, with reference to FIGURE 6, solenoid coil 48 may be used to 
generate a magnetic field that causes or drives the particles when a current is applied 
through solenoid 48. For simplicity, only one solenoid is illustrated. However, more 
than one solenoid coil may be employed to manipulate or cause the positions of the 
particles to move. Indeed, non-solenoid coil(s) may also be used. 

The current source 50 Is illustrated as being extemal to the body, connected by 
wires to (the indwelling or implanted) sensor 12. However, current source 50 may be 
supplied by an integrated power supply that is also implanted in the body, or may be 
generated by energy inductively coupled into sensor 12 using an outside coil and an 
implanted pick-up coil (as suggested above). 

It should be noted that the sensor 12 may be placed in a location such as the 
earlobe or the webbing between the fingers such that a pemianent magnet (or other 
applied force to cause movement of the particles) may be placed on altemate sides of 
sensor 12 when implanted in the body. In this embodiment, application of the 
magnetomotive force may be more efficient since the force may be more directly 
applied to the particles containing sensor 12. 

In the preceding discussion, embodiments of the present invention have been 
described and illustrated with respect to implantation into the body of an animal for 
measurement of glucose in the fluids or body chambers within the animal. It should be 
appreciated that such embodiments as are described here may also be employed to 
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measure glucose in fluids other than those inside the body of an animal, for example, in 
a cell culture reactor, or in commercial food or other processing systems where 
knowledge of glucose concentration is desirable. Notably, it is intended that the scope 
of the present invention extend to these uses of the sensor as well along with any 

5 adaptations required for its employment in these applications. 

Moreover, in another aspect of the present invention, the sensor may include 
more than one glucose chamber and/or more than one reference chamber. These 
chambers may be located in the same general location or in different locations within 
the fluid, matrix or animal body. In this way, additional measurements may be obtained 

10 thereby providing a higher degree of confidence in the measured, sampled and/or 
sensed analyte concentration. It should be noted that the discussions of, for example, 
the solutions/fluids and magnetic particles, as well as the techniques for measuring, 
sampling and/or detemiining the concentration of glucose are fully applicable to this 
aspect of the present invention. Indeed, the entire discussion above with respect to the 

1 5 embodiments of FIGURES 1 -6 is applicable to this multi-chamber embodiment. For the 
sake of brevity, those and all other discussions will not be repeated. 
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